Lotus-type silver was fabricated by unidirectional solidification in mixture gas of oxygen and argon at high pressures. Two solidification methods were adopted in this study: the unidirectional solidification casting method and the Czochralski method. The directional pores were evolved by insoluble oxygen when silver melt dissolving oxygen was solidified. Non-uniform size distributions of pores in distorted shapes were observed in lotus-type silver fabricated by the unidirectional solidification casting method. On the other hand, round shape pores with good circularity and more uniform pore size were found in the cross section of the lotus-type silver made by the Czochralski method. The distortion of pore shape is attributed to the re-dissolution of oxygen gas in the pores to the molten silver during solidification.
Introduction
Recently, porous metallic materials have attracted great attentions for potential practical use as lightweight materials, catalyst supports and electrodes utilizing large specific surface areas, vibration and acoustic energy damping materials, impact energy absorption materials, etc. Nakajima and co-workers have fabricated porous copper, iron, nickel, magnesium and their alloys by the Czochralski method or by the unidirectional solidification casting method in pressurized hydrogen or nitrogen atmosphere. [1] [2] [3] [4] [5] [6] [7] [8] [9] These metals and alloys have many cylindrical pores which are elongated in the solidification direction. Thus, those have recently been called as lotus-type metals, because they look like lotus roots. Usually, conventional porous metals consist of rather spherical pores and exhibit almost isotropic properties. Owing to the elongated pore shape of lotus-type metals, they show various anisotropic behavior and for example, have good fluid permeability and high strength in the pore elongated direction. [6] [7] [8] [9] Therefore, they have been developed for practical use 10) as face plates of golf clubs, artificial bones, etc.
Many lotus-type metals and alloys can be fabricated by utilizing the hydrogen solubility gap between solid and liquid. Besides, porous iron and its alloys can also be fabricated by nitrogen. 5) In most combinations of the metals and the gases such as hydrogen or nitrogen, the gas solubility in both liquid phase and solid phase tends to decrease with decreasing temperature. However, a unique tendency is observed in the silver-oxygen system; the oxygen solubility in liquid silver increases with decreasing temperature.
11) It is interesting to know the influence of such an inverse temperature dependence of the solubility on the pore formation and growth during the unidirectional solidification. The present paper reports details of structure of lotus-type silver fabricated by the unidirectional solidification casting method or the Czochralski method in pressurized oxygen and discusses the mechanism of pore formation and growth of lotus-type silver produced by two fabrication methods. Figure 1 shows a schematic drawing of the unidirectional solidification casting apparatus for fabricating a lotus-type silver. The apparatus consists of a melting part and a mold part, both of which are installed in a high pressure chamber. The melting part has a radio-frequency induction heating coil and a platinum crucible as a heating element in which an alumina crucible is set between silver and platinum to prevent from the reaction. The mold part consists of a water cooled copper chiller bottom and a stainless steel side wall with 0.1 mm thickness. Since the heat capacity of the side wall is much smaller than that of the bottom, the solidification occurs unidirectionally from the bottom to the top of the melt. Silver with purity 99.98 mass% (Mizuno Handy Harman Co. Ltd.) was put into the alumina crucible in the chamber, and was melted by induction-heating in a vacuum of 5.0 Pa. The chemical composition of the silver is listed in Table 1 . After silver was completely melted, a mixture gas of oxygen and argon was introduced into the chamber to a given pressure. After holding the silver melt at 1573 K for 600 s to dissolve oxygen uniformly, the melt was poured into the mold by rotating the chamber by 90 degrees as shown in Fig. 1(b) . The dimensions of the resulting ingot were about 25 mm in diameter and 30 mm height. Besides, in order to investigate the effect of solidification velocity on pore evolution, slow-cooling experiment was also carried out by putting a stainless steel plate of 5 mm in thickness as a heat insulation layer on the copper chiller as shown in Fig. 2 . The gas pressures of oxygen and argon gases in this study are listed in Table 2 . The Czochralski method was also applied for unidirectional solidification of silver rods in a pressurized oxygen gas. Figure 3 shows a schematic picture of the apparatus for the Czochralski method consisting of a melting part and a transference mechanism of the rod in a high pressure chamber. First silver in an alumina crucible was melted by induction-heating in a vacuum. Then a mixture gas of oxygen and argon was introduced into the chamber to a given pressure. The partial pressures of oxygen and argon gases in the Czochralski method are also listed in Table 2 . After holding the silver melt at 1373 K for 600 s to dissolve oxygen uniformly, a silver rod was moved down to the surface of the melt, and then the rod was moved upward at the rate of 26.7 mm/s. The dimension of the resulting ingot was about 15 mm in diameter and 100 mm height.
Experimental Procedure
The porosity " of the fabricated ingots was evaluated from eq. (1),
where A and 0 are the apparent density and non-porous silver density measured by Archimedes method, respectively.
The ingots were cut in halves with a spark-erosion wire cutter in order to observe the structure of the cross sectional plane parallel to the solidification direction. Then the half pieces were cut perpendicularly to the solidification direction at the position 5, 10, 15 mm from the bottom plane in the case of the unidirectional solidification casting method and 40 mm from the silver rod in the case of the Czochralski method. The cross sections were observed using an optical microscope. In order to determine the porosity, values of diameter and area of pores, each cross section perpendicular to the solidification direction was analyzed using a personal computer with an image processing program (Macscope, Mitani Corp.). Figure 4 shows the porosity of the lotus-type silver fabricated by the unidirectional solidification casting method under various partial pressures of oxygen and argon. The porosity increases with increasing partial pressure of oxygen under the constant total pressure, while it decreases with increasing total pressure under constant partial pressure of oxygen. Figures 5(a) -(c) show an example of optical microscopic observation of the pore morphology of lotus-type silver, indicating the cross sections parallel and perpendicular to the solidification direction. For comparison, the cross section perpendicular to the solidification direction of lotustype copper is also shown in Fig. 5 as an example of typical lotus-type metal. In the cross section parallel to the solidification direction of lotus-type silver, although characteristic cylindrical pores are observed to extend to the solidification direction, their shapes are not straight and their diameters are not constant in the solidification direction. Similarly, in the cross section perpendicular to the solidification direction, the pore shape is distorted, the pore density is not homogeneous and furthermore the pore size distribution is non-uniform compared with other lotus-type metals such as copper. As shown in Fig. 6 , it is observed that the porosity varies with the distance from the bottom. Especially the porosity is low in the upper region far from the bottom plane where the solidification velocity is considered to be smaller than that of the region near the bottom plane.
Results
Next an effect of the solidification velocity on the porosity of the lotus-type silver was investigated. In the slow-cooling experiment, a stainless steel plate was used as a heat insulation layer between the copper chiller and the melt. Although the solidification velocity was not measured in the present work, it is known that the velocity was decreased by inserting such an insulation layer.
12) Figure 7 shows that the porosity decreases with decreasing solidification velocity. However, a large pore was observed in the top of the ingot, which was evolved by coarsening of small pores accumulated in the melt with solidified top surface. Figure 8 shows the porosity and the pore morphology of lotus-type silver fabricated by the Czochralski method and the unidirectional solidification casting method in same atmosphere of 0.55 MPa oxygen and 0.55 MPa argon. In the case of the Czochralski method, the porosity increases and the pores are distributed uniformly, compared with that of the ingot fabricated by the unidirectional solidification casting method.
Discussion
In metal-gas systems without forming stable compounds of the metal and the gas, it is well known that the gas solubility in metal C follows the Sieverts' law,
where k and P p are the equilibrium constant and the partial pressure of the gas, respectively. The solubility gap C G at the non-variant reaction temperature, that is, at the gas-evolution crystallization reaction temperature 13) can be described as,
where k l and k s are the equilibrium constant in the liquid phase and in the solid phase, respectively. Equation (3) suggests that the solubility gap monotonically increases with increasing partial pressure of the gas. The volume V of the pores generated from the solubility gap follows the Boyle's law,
where P total is the total pressure. This equation suggests the decrease of porosity with increasing total pressure. The pressure dependence of the porosity observed in Fig. 4 is understood by taking account of the solubility of oxygen in silver and the pore volume using eqs. (3) and (4), respectively. Therefore, it is considered that the pores were evolved by unsoluble oxygen when silver melt dissolving oxygen was solidified. This tendency is similar to that of the other lotustype metals such as copper-hydrogen 1, 3, 7) or iron-nitrogen. 2, 5) On the other hand, the shape of pores in lotus-type silver fabricated by unidirectional solidification method is different from those in other lotus-type copper and iron. The distorted shape of the pores, the non-uniform distribution of the pore size, the dependence of the porosity on the solidification velocity, etc. are discussed on the basis of the binary equilibrium phase diagram. Figure 9 is a silver rich side of the binary equilibrium phase diagram for the silver-oxygen system, where T m and T n mean the holding temperature of silver melt in oxygen (1573 K in the present experiments) and the gas-evolution crystallization reaction temperature, respectively. Under the assumption that the solidification progresses in equilibrium state, the oxygen concentration of the liquid sliver increases from A to B with decreasing temperature. Subsequently, at T n , the reaction of L ! (S) þ G occurs, where L, (S) and G are liquid phase, solid phase and gas phase, respectively. In this case, no solid phase appears above T n ; the situation is similar to that of the other lotus-type metals. This leads to the expectation that the pore shape of the lotus-type silver would be similar to that of the other lotus-type metals. However, the experimental results on lotus-type silver by the unidirectional solidification were not the case. On the other hand, if it is assumed that the solidification progresses in nonequilibrium state due to rapid cooling without oxygen supply from the gas phase to the liquid phase, the oxygen concentration of the liquid phase is constant from A to C. In this case, unlike the other lotus-type metals, the solidification progresses through the L + (S) phase: the solid phase coexists with the liquid phase. This can hinder the growth of cylindrical pores similar to the case of the lotus-type magnesium alloys. 14) Thus, the solidification in the L + (S) phase could be a part of reasons for the evolution of the pores with distorted shape. However, in the slowcooling experiment, while oxygen concentration should increase from A to C 0 due to supplying from the gas phase and the porosity also must increase, the results show contrary tendency as indicated in Fig. 7 .
As mentioned above, the distorted shape of the pores, the non-uniform distribution of the pore size, the dependence of the porosity on the solidification velocity of the lotus-type silver fabricated by the unidirectional solidification casting method cannot be explained only by the binary phase diagram. Therefore, further considerations of the oxygen concentration at each region of the liquid phase is required. Roughly, the temperature decreases with decreasing distance from the copper chiller, and the solidification usually occurs from the bottom plane to the top as shown in Fig. 10 . Besides, the melt is presumed to be solidified at the top and side surface faster than other parts because of the larger heat transfer. It is considered that such solid phase at the surface can block the oxygen supply from the gas phase to the liquid phase, oxygen concentration of the liquid phase surrounded by the solid phase can be less than the equilibrium solubility. (similar to the assumption described above as ''solidification progresses in nonequilibrium''). In the L + (S) phase, while the oxygen concentration in the liquid phase is considered to be increased due to the oxygen discharge from the solid phase, the melt with insufficient oxygen concentration can exist near the liquid-solid interface as indicated in Fig. 10 . Therefore, the oxygen gas in the pores formed at the liquidsolid interface can re-dissolve to the melt with insufficient oxygen concentration. This process results in the decrease of the pressure in the pores. Then the shape of the pores can be distorted because the melt infiltrate into the pores. The porosity should be determined by the balance between the rate of the growth of pores, which depends on the solidification velocity and the rate of oxygen re-dissolving. The process of pore formation and oxygen re-dissolution may repeat during the unidirectional solidification. When the rate of the growth of pores is smaller and the solid phase surrounding the liquid phase block the oxygen supply from gas phase to liquid phase such as the slow-cooling experiment, it is considered that almost pore disappear by redissolving oxygen and finally re-dissolved oxygen forms the large pore as shown in Fig. 7 . This type of large pores are not counted in the porosity by Archimedes method, because its hemispherical cover has a crack and it behaves as an open pore.
In the Czochralski method, the liquid phase continuously contacts the gas phase during the solidification. Thus, it is expected that oxygen can easily be supplied from gas phase to the liquid-solid interface and then the porosity also must increase. The experimental data are shown in Fig. 8 . The distribution of pore size and the circularity R at the cross section perpendicular to the solidification direction are listed in Table 3 . and R are calculated as,
where s , d a , A and L are the standard deviation of pore sizes, the average pore diameter, the area of pores and the circumference length of the pores, respectively. It is clear that by the Czochralski method, the distribution of pore size decreases and the circularity R increases compared with the ingot obtained in the unidirectional solidification casting method. Those results support the assumption that the oxygen gas in the pores formed at the liquid-solid interface redissolves to the molten silver with insufficient oxygen concentration in the fabrication by the unidirectional solidification method. 
Summary
Lotus-type silver was fabricated in mixture gas of oxygen and argon by the unidirectional solidification casting method and the Czochralski method. In the unidirectional solidification casting method, distorted shapes of the pores and the non-uniform distribution of the pore size were observed, which have not been observed yet in the cases of other lotustype metals. In the Czochralski method where oxygen is expected to be supplied easily from the gas phase to the solidification interface, the pore size becomes uniform and the circularity increases. The distorted pore shape is attributed to the re-dissolution of oxygen gas in the pores to the molten silver during solidification.
